The close proximity of esophagus to the left atrial posterior wall predisposes esophagus to thermal injury during catheter ablation for atrial fibrillation (AF). In this retrospective study, we aimed to investigate risk factors of esophageal injury (EI) caused by catheter ablation for AF. Patients who underwent first-time AF ablation from July 2013 to June 2018 were included. The esophagus was visualized by oral soluble contrast during ablation for all patients and a subset of patients were selected to undergo endoscopic ultrasonography (EUS) to estimate EI post ablation. Degree of EI was categorized as Kansas City classification: type 1: erythema; type 2: ulcers (2a: superficial ulcers; 2b: deep ulcers); type 3: perforation (3a: perforation without communication with the atria; 3b: atrioesophageal fistula [AEF]). Of 3,852 patients, 236 patients (61.5 ± 9.7 years; male, 69%) received EUS (EUS group) and 3616 (63.2 ± 10.9 years; male, 61.1%) without EUS (No-EUS group). In EUS group, EI occurred in 63 patients (type 1 EI in 35 and type 2 EI in 28), and no type 3 EI was observed during follow up. In a multivariable logistic regression analysis, an overlap between the ablation lesion and esophagus was an independent predictor of EI (odds ratio, 21.2; 95% CI: 6.23-72.0; P < 0.001). In No-EUS group, esophagopericardial fistula (EPF; n = 3,0.08%) or AEF (n = 2,0.06%) was diagnosed 4-37 days after ablation. In 3 EPF patients, 2 completely recovered with conservative management and 1 died. Two AEF patients died. Ablation at the vicinity of the esophagus predicts risk of EI. EUS post ablation may prevent the progression of EI and should be considered in management of EI. It remains challenging to identify patients with high risk of EI.
Methods
Patients population. All patients with symptomatic paroxysmal or persistent AF undergoing first-time catheter ablation (Radiofrequency or Cryo ablation) at our institution between July 2013 and Jun 2018 were enrolled in a comprehensive database, and the index of procedure was collected and analyzed. The patients were separated into 2 groups: patients with endoscopic ultrasonography (EUS group) and patients without EUS (No-EUS group). All methods were carried out in accordance with relevant guidelines and regulations. The study protocol was approved by the Institutional Review Boards of Sir Run Run Shaw Hospital and written informed consent was obtained from each patient.
Atrial fibrillation ablation procedure. Transesophageal echocardiography or left atrium (LA) computed tomographic (CT) scan was performed prior to the ablation procedure to rule out left atrial thrombi in all patients. Intravenous heparin 100 IU/kg was administered after successful transseptal puncture, followed by 1,000 IU/hour irrespective of oral anticoagulation regimen. During the procedure, patients received conscious sedation using midazolam and continuous fentanyl infusion according to our standard protocol. LET are not available in our institution.
PVI was a standard approach in all patients. Radiofrequency (RF) ablation was performed using a 3-dimensional electroanatomic mapping system (CARTO; Biosense Webster, CA or NavX/Velocity; Abbott, St. Paul, MN). After double transseptal punctures, the irrigated RF ablation catheter and a circular mapping catheter was positioned into the LA. Radiofrequency energy was delivered at a distance of 5-10 mm from the PV ostia using power control mode (35 W for the anterior wall, and down to 25 W for the posterior wall) as previous described 10 . When there was an overlap between the ablation lesion and esophagus along the posterior wall, modified ablation was applied (power ≤25 W and duration ≤15 seconds) 11 . Additional ablation procedures, such as Box lesion for persistent AF, were performed at the discretion of the operators.
Cryo ablation was performed using a 23/28-mm cryoballoon (Arctic Front Advance, Medtronic, Inc., Minneapolis, MN) inserted via a 12 French steerable sheath (FlexCath, Medtronic, Inc.) over a circular inner lumen mapping catheter/guidewire (Achieve, Medtronic, Inc.). One to two 120-to 180-second cryo applications were delivered to each PV guided by time to PVI. Modified ablation was applied (temperature ≥−50 °C and shorter duration [≤120 s when time to PVI less than 60 s]) when there was an overlap between the ablation lesion and esophagus 12 . PVI was assessed continuously using the circular Achieve catheter during cryoablation. If PV remained connected after 2 or more cryo applications, RF application was performed to achieve PVI using wide antral circumferential ablation technique.
Overlap between the ablation lesion and esophagus course. Before ablation energy was delivered, every patient was given oral soluble contrast (5 ml) to determine the esophagus course under fluoroscopy, and the ablation lesion was designed to minimize direct contact of ablation catheter with the esophagus 10 . The spatial relationship between the esophagus and left atrial posterior wall was evaluated in posterior-anterior (PA) and left lateral (LL) projection views during RF ablation and two orthogonal projection views of left anterior oblique (LAO) and right anterior oblique (RAO) during cryo ablation. When the ablation lesion points was beyond the esophagus margin ( Fig. 1A) or the anterior half of cryoballoon was near the esophagus under LAO (Fig. 1C ), the overlap between ablation lesions and esophagus course was determined ( Fig. 1 ).
Esophageal endoscopy and ultrasonography. The decision to perform EUS was made at the discretion of the operators based on potential risk factors of EI 3,13-17 , as well as clinical manifestation post ablation (such as fever, chest discomfort, elevated white blood cell count and C-reaction protein level).
EUS was performed by experienced operators to assess the magnitude of EI. EI was defined as any esophageal lesion adjacent to the contact area between the esophagus and the LA, and was defined according to Kansas City classification: type 1: erythema; type 2: ulcers (2a: superficial ulcers; 2b: deep ulcers); type 3: perforation (3a: perforation without communication with the atria; 3b: perforation with atrioesophageal fistula) 18 . All gastroscopies (GIFQ 260, GIFQ 165, GIFQ 145; Olympus, Japan) were performed by endoscopists in an endoscopy laboratory. A radial echoendoscope (EU-ME2 PREMIER PLUS, Olympus, Japan) was used for examination. Careful examination of the mediastinum and esophageal wall was performed to assess mucosal and periesophageal/mediastinal lesions. Patients were kept fasting for at least 8 hours prior to the procedure. Examinations were performed in the left lateral decubitus position and under conscious sedation with propofol.
Management of esophageal injury. All patients received routine soft diet and proton pump inhibitors
(PPI) for 6 weeks after AF ablation. Patients with type 1 EI received semi solid diet as well as PPI. Patients with type 2 EI were given intravenous PPI and kept fasting until repeat EUS showed resolution of EI or improvement to type 1 lesion ( Fig. 2 ). If expected recovery time was beyond 7 days, a jejunal feeding tube was placed.
Once type 3 EI was suspected, contrast enhanced CT scan was performed. Type 3 EI was determined when imaging showed extravasation of air or oral contrast medium from the esophagus to the mediastinum, pericardium or LA. When AEF was ruled out, EUS was required to evaluate the magnitude of EI. For patients with esophagopericardial fistula (EPF), timely pericardiocentesis and drainage were performed in addition to adjunctive treatment with broad spectrum antibiotics and nutritional support. Once AEF was diagnosed, multidisciplinary evaluation took place and surgical repair was considered.
Follow up. All patients were followed every 2 weeks in the first 3 months after AF ablation and every 3 months thereafter.
Statistical analysis.
Continuous variables are expressed as mean ± SD or median. ANOVA was used to compare different groups. Categorical variables are presented as counts and percentages and were compared across groups using the χ2 test or Fisher exact test, as appropriate. For logistic regression, results were given as odds ratios, 95% confidence intervals and P values. P values < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS version 23 (IBM).
Results
Patients population. A total of 3,852 patients underwent PVI for first-time AF ablation at our institution between July 2013 and June 2018. Of these, 236 patients (61.5 ± 9.7 years; male, 69.1%) underwent EUS within 3 days after ablation (EUS group) and 3,616 patients (63.2 ± 10.9years; male, 61.1%) did not undergo EUS (No-EUS group, Fig. 3 ). The patients in EUS group had lower BMI and higher percentage of hypertension and diabetes compared to those in No-EUS group (Table 1) .
Esophageal injury in EUS group. In EUS group, 236 patients underwent AF ablation with 3 energy
modalities: 161 patients (68.2%) with RF, 53 patients (22.5%) with Cryo and 22 patients (9.3%) with Cryo plus RF. Out of 236 patients, 150 (63.6%) had overlap between ablation lesions and esophagus course and 60 patients (40%) had EI: 25 patients with type 1 EI and 35 with type 2 EI, whereas in 86 patients without overlap between ablation lesion an esophagus, 3 patients (3.5%) had category 1 EI (P < 0.001). There was a significant difference in EI occurrence among 3 different ablation energy modalities (P = 0.03). In a multivariate logistic regression analysis, the ablation energy modality and overlap between the ablation lesion and esophagus were identified as independent predictors of EI. Compared to RF ablation, cryo ablation produced lower incidence of EI (odds ratio, 0.28; 95% CI: 0.11-0.72; P = 0.009; Table 2 ), and the overlap between ablation lesion and esophagus course predicted higher incidence of EI (odds ratio, 21.2; 95% CI: 6.23-72.0; P < 0.001; Table 2 ). All the patients with type 2 EI were given intravenous PPI twice daily and kept fasting until repeat EUS showed resolution of EI or improvement to type 1 lesion, and a jejunal feeding tube was placed in 3 patients (8.6%). No category 3 EI was observed during 31 ± 18 months follow-up. Table 3 ). All 5 patients received RF ablation and had an overlap between ablation lesion and esophagus course. In the 3 patients with EPF, 1 died resulting from progression to AEF after undergoing endoscopic closure with titanium clip (Fig. 4) , and 2 recovered without sequelae after conservative management (Fig. 5 ). In patients with AEF, 1 underwent surgical repair but died due to septic shock, and 1 died 3 days after admission to a local hospital.
Discussion
The study was a retrospective observational study, and the main findings are: (1) Overlap between the ablation lesion and the esophageal course is an independent predictor of EI; (2) EUS may prevent the progression of EI, and conservative treatment guided by EUS may be an alternative in the management of EPF; (3) It remains challenging to identify patients with high risk of EI.
Incidence and predictors of esophageal injury.
A recent meta-analysis demonstrated that the prevalence was 11% and 5% in any and ulcerated EI caused by ablation of AF respectively 9 . In our study, the incidence of EI was 26.7% in EUS group, in which the patients were at high risk of EI, however, this incidence was obviously overestimated due to selection bias. Our previous study showed that the incidence of EI was 5.1% and 20.5% in consecutive patients with esophageal visualization and in those without 10 . A prior study did not demonstrate prevention of EI using esophageal visualization because of low incidence of EI 3 , whereas overlap between ablation lesion and esophagus course was an independent predictor of EI in our study, and EI seldom occurred when the overlap was absent, so we developed a feasible approach to effectively decrease the risk of EI by using soluble oral contrast to visualize the esophagus during the ablation procedure and thereby allowing us to design the ablation lesion away from the esophagus. Consistent with previous study 3 , the strategy of reducing the power at posterior wall did not prolong the time to PVI. The PV reconnections or dormant conduction in areas with direct contact with the esophagus was not observed in our study. Our previous study suggested that modified ablation guided by esophageal visualization could decrease the occurrence of EI and there was no significant difference in AF recurrence during 12-month follow-up 10 . The latest study indicated that cryoballoon ablation for AF guided by time to PVI reduced the esophageal complications 19 . Consistent with the previous survey on cryoballoon ablation, in which a total of 11 cases of AEF were reported from more than 120,000 cases worldwide 20 , our data supported that cryoballoon ablation had lower incidence of EI, although this is not our main aim. Many signs post ablation, such as fever, chest discomfort, elevated WBC count and CRP level, may be caused by vagal nerve injury or inflammatory reaction. These factors were non-specific and could not be used to identify patients who were at high risk of EI. www.nature.com/scientificreports www.nature.com/scientificreports/ The estimated incidence of AEF, at 0.05% to 0.25% 21 , may be underestimated because of under-reporting or misdiagnosis. Halbfass's study demonstrated that only ulcerative EI was associated with esophageal perforation 5 . Even though the patients with high risk of EI were selected to undergo EUS, 5 patients developed type 3 EI in no-EUS group, suggesting it warrants further investigation to identify reliable predictors of type 3 EI.
Management of esophagus injury.
Although the precise mechanism of EI from ablation is not completely understood, Esophageal ulcer seems to precede AEF development 21, 22 . Halbfass's study indicated about 10% of ulcerative EI progressed to esophageal perforation 5 . Given that the ablation-induced injury affects the esophagus from "outside in" and mucosal visualization can underrepresent the actual magnitude of EI 18 , EUS was performed in patients at high risk of developing EI in our study. In EUS group, no patients with ulcerative EI progressed to type 3 EI resulting from aggressive treatment guided by EUS.
It is noted that the incidence of EPF was higher than that of AEF in our study. Previous survey revealed low incidence of EPF 4 , which may be due to delayed diagnosis of EPF preceding AEF. The first EPF patient developed to AEF after endoscopic fistula closure with titanic clip, suggesting that the PEF may be a transition phase from EI www.nature.com/scientificreports www.nature.com/scientificreports/ to AEF. Esophageal stent was considered to be an effective treatment for EPF, however, some complications could be caused by the insertion of stent, such as pneumopericardium, stent dislocation and hematemesis 23 . EUS may be useful in detecting submucosal esophageal and mediastinal changes after PVI 24 , which can be used to assess the magnitude of EI and inflammation reaction. Moreover, EUS can be used to evaluate the recovery of all esophageal tissue layers, and therefore to determine the termination of fasting, which is essential and effective in restoring the esophageal continuity and function. The following 2 patients with EPF recovered without sequelae after conservative management guided by EUS. Conservative treatment, including pericardiocentesis and antibiotic therapy, may be an alternative in the management of EPF. Most signs and symptoms of esophageal perforation are not specific. EI without fistula formation to left atrium is associated with better survival outcome 25 , which underlines the importance of diagnosing EI at its earlier stage. In conclusion, we believe EUS should be performed if there is clinical suspicion of earlier EI. 
Limitations
This study had several limitations. First, it was a single-center retrospective observational study and the accurate reasons for performing EUS were not available. Given that risk factors of EI remain controversial, the decision to pursue EUS post ablation was made at the discretion of the operators, and this was a source of selection bias leading to overestimation of the incidence of EI and attenuation of the statistic power on risk factors of EI. Moreover, study results obtained from a patient cohort managed at our institution using our standard protocol may not be applicable to other institutions. Ablation was performed under conscious sedation routinely, and therefore the effect of general anesthesia (GA) was not assessed. In our cohort, category 2 EI (n = 2) and type 3a EI (n = 1) occurred in ablations under GA. In a small randomized study, EI was observed in 48% of patients in GA group and only 4% in the conscious sedation group 26 . GA likely increases the risk of EI probably as a result of enhanced contact and reduced esophageal motility 21 . Contrast based localization of the esophagus is definitely useful but not perfect because esophagus can move during the procedure. Good et al. assessed esophageal movement that occurred during catheter ablation for AF under conscious sedation, and results showed that 67% of patients had a shift of ≥2 cm and 4% had a shift of ≥4 cm of lateral movement 27 . We did not evaluate the effect of CF-sensing catheter on EI because CF-sensing catheter was not available until 2017 at our institution and only seldom type 1 EI was observed with the use of these catheters. Finally, because of small number of patients with type 3 EI, we did not assess the statistical difference between patients with and without type 3 EI in No-EUS group.
conclusions
Ablation at the vicinity of esophagus increases the risk of EI. EUS post ablation may prevent the progression of EI, and may be useful in the conservative management of PEF. It remains challenging to identify reliable predictors of EI.
